Introduction
Multiple sclerosis (MS) is an inflammatory disease of the central nervous system, but neurodegenerative mechanisms are also implicated in the pathogenesis of MS. 1 For example, in MS, histotoxic hypoxia may cause energy deficiency of the brain tissues, which promotes demyelination and axonal loss. 2 Energy deficiency in MS might be worsened by impaired regulation of cerebral blood flow. Notably, many studies have found diffusely reduced cerebral blood flow in patients with MS compared with healthy age-matched controls. 3 Moreover, evidence form magnetic resonance imaging (MRI) and histologic studies shows that most white matter (WM) lesions in patients with MS are found in areas with the lowest blood perfusion, the so-called watershed zones. [4] [5] [6] Similarly, in an animal model of MS, demyelinating lesions tend to develop in areas with the worst blood supply. 7 Thus, cerebrovascular reactivity (CVR), which is the capacity of cerebral circulation to match blood supply to metabolic demand, might be important in MS pathology. Cerebrovascular reactivity changes might be related to autonomic dysfunction, which is common in MS. 8, 9 Usually, CVR is estimated as a relative increase in cerebral flow after increasing the systemic carbon dioxide concentration (CO 2 inhalation, breath-hold). 10, 11 Reduced CVR may cause insufficient energy supply, particularly to areas with an increased energy demand, such as damaged neurons or WM lesions infiltrated by metabolically active immune cells. 12 Cerebrovascular reactivity impairment could amplify axonal loss and demyelination. Indeed, during healthy aging, WM areas with the lowest CVR are most susceptible to demyelination. 13 Similarly, CVR impairment is associated with an increased risk of cerebral ischemia. 14 To date, few studies have investigated CVR in MS, [15] [16] [17] and one group showed that CVR might be reduced in MS. 18, 19 It remains unclear, however, whether clinical and neuroimaging disease activity is related to CVR in MS. We also do not know whether low CVR increases the risks of brain atrophy and accumulation of demyelinating lesions. Because previous findings on CVR in MS are inconsistent and come from small studies, we checked whether CVR was impaired in MS in a larger group of patients. Moreover, we related CVR to clinical and neuroimaging disease activity and longitudinal changes in brain volume and WM lesion volume.
Material and methods

Participants
The study included 43 patients with RRMS in clinical remission, for at least 3 months, who received interferon beta in our clinic, 30 patients with RRMS who received intravenous methylprednisolone (1 g for 3-5 days) due to a relapse (an increase in Extended Disability Status Scale (EDSS) score of at least 1 point), and 30 healthy controls matched for age, sex and cardiovascular risk factors ( Table 1 ). The study was approved by the Bioethics Committee of our Institute, and all participants singed informed consent before enrolment.
Assessment of cerebrovascular reactivity
Cerebrovascular reactivity was assessed with transcranial Doppler ultrasonography (TCD) at around noon (11 AM to 2 PM). We recorded blood flow velocity in the middle cerebral artery with a 2-megaherz probe fixed with a headband (DWL, Singen, Germany). Blood flow was monitored in either the left or right middle cerebral artery, whichever had a better signal quality. The mean flow velocity (MFV) was calculated over 10-15 heart cycles. During TCD measurements, we continuously recorded the end-tidal carbon dioxide concentration (EtCO 2 ) with a capnometer (NMed, Beijing, China). The baseline MFV was recorded after about 5 min of resting. Then, we recorded the MFV after 2 min of hyperventilation (EtCO 2 had to decrease by at least 10% compared to baseline). After at least 3 min, when the MFV and EtCO 2 returned to baseline, we recorded the MFV after 30 s of breath-hold. Cerebrovascular reactivity was estimated with the breath-hold index (BHI) and a CO 2 -normalized hyperventilation index (HV ΔCO2 ) as follows: Higher values of both BHI and HV ΔCO2 indicated greater CVR. In patients with a relapse, TCD measurements were taken on the first and last day of intravenous glucocorticoid treatment, before the first and after the last injection, respectively. In patients in remission, TCD measurements were taken within 1 h before MRI. Cerebrovascular reactivity was assessed only once in patients in remission and controls. Atherosclerosis of the carotid arteries was ruled out by color Doppler ultrasound.
Magnetic resonance imaging and image analysis
After the TCD study, patients in remission underwent brain MRI, as part of a routine clinical follow-up. With a 1.5 T scanner (Eindhoven, the Netherlands), we acquired 3D T1-weighted images, before and after intravenous gadolinium (Gd) injection, (TR, 25 ms; TE, 4.6 ms; field of view, 240 mm × 240 mm; voxel resolution, 0.937 mm × 0.937 mm × 1 mm) and 2D FLAIR images (TR, 11,000 ms; TE, 140 ms; field of view, 0.898 mm × 0.898 mm × 3 mm). The presence of Gd-enhancing (Gd(+)) lesions was assessed by an independent radiologist. Normalized brain volume (NBV) for head size, and normalized volumes of grey matter (GM) and WM were measured based on the T1-weighted images with the SIENAX software. 20 The lesion-TOADS software was used to measure the total volume of WM lesions (TLV) based on the FLAIR and T1-weighted images 21 ; TLV was normalized for head size based on scaling coefficients derived from SIENAX. Before running lesion-TOADS, we extracted brains from whole-head images with the SPECTRE tool and registered the T1-weighted images to the FLAIR images (rigid body registration). 21 During the study, 33 out of 43 patients in remission had repeated MRI after 12 months (1 patient entered secondary progressive MS, 3 patients were lost to follow-up, 6 patients had less than 12 months of followup). For the 33 patients in remission who had follow-up brain MRI after 12 months, we calculated the percentage brain volume change (PBVC), with the SIENA software, and the TLV change, with lesion-TOADS. 20
Statistical analysis
Baseline anthropometric and clinical characteristics were compared between the groups of participants with one-way analysis of variance (ANOVA), the Mann-Whitney U test, and Fisher's exact test, as appropriate. In patients with a relapse of MS, the differences in CVR indices before and after intravenous methylprednisolone treatment were compared with the dependent samples t-test. The Mann-Whitney U test was used to compare CVR indices between patients with or without Gd(+) lesions. The Pearson coefficient or the Spearman coefficient (rho) was calculated to study correlations between pairs of variables. A value of p < 0.05 was considered significant. All analyses were completed in the statistical package R (www.r-project.org).
Results
Clinical and imaging characteristics
There were no significant differences in age, proportion of women, and the frequency of cardiovascular risk factors between patients with MS in remission, patients with a relapse of MS and controls (Table 1) . Among patients with MS in remission, the studied brain volumes correlated negatively with EDSS, and disease duration correlated positively with TLV ( Table 2 ).
Cerebrovascular reactivity
Neither of the 2 CVR indices, i.e., BHI and HV ΔCO2 , differed significantly between patients with MS in remission, patients with a relapse of MS before intravenous glucocorticoid treatment and controls (p = 0.56 for BHI; p = 0.1 for HV ΔCO2 ; Fig. 1 ). In patients with a relapse of MS, however, both CVR indices decreased significantly after intravenous glucocorticoid treatment (p = 0.04 for BHI and HV ΔCO2 ; Fig. 1 ). Among patients with remission, BHI and HV ΔCO2 did not differ between those with (n = 10) or without (n = 33) Gd(+) lesions (p = 0.20 for BHI, and p = 0.81 for HV ΔCO2 ). Among patients in remission, neither of the 2 CVR indices correlated with the brain volumes studied, TLV, PBVC, and TLV change (Table 2) . Similarly, BHI and HV ΔCO2 did not correlate significantly with EDSS or disease duration in patients in remission or relapse (data not shown).
Discussion
Our findings suggest that CVR is normal in RRMS and that it does not change during a relapse of MS or in patients with Gd(+) lesions. However, we found that treatment with intravenous glucocorticoids reduced CVR in patients with a relapse of MS. In patients with MS in clinical remission, CVR was not related to any of the brain volume measures, including the longitudinal change in brain volume and WM lesion volume. Thus, it seems that there is no substantial relationship between CVR and diseases activity and neuroimaging markers of disease progression in RRMS. Age r = -0.47 p = 0.001 r = -0.59 p < 0.001 r = -0.19 p = 0.22 r = 0.25 p = 0.11 r = 0.21 p = 0.25 r = 0.18 p = 0.31
Disease duration r = -0.29 p = 0.06 r = -0.39 p = 0.01 r = -0.09 p = 0.58 r = 0.34 p = 0.03 r = 0.01 p = 0.99 r = 0.03 p = 0.86 EDSS rho = -0.34 p = 0.03 rho = -0.29 p = 0.06 rho = -0.31 p = 0.04 rho = -0.05 p = 0.73 rho = 0.05 p = 0.78 rho = 0.28 p = 0.11 TLV r = -0.46 p = 0.002 r = -0.53 p < 0.001 r = -0.25 p = 0.11 -r = -0.16 p = 0.38 r = 0.44 p = 0.01 BHI r = 0.21 p = 0.17 r = 0.10 p = 0.50 r = 0.10 p = 0.50 r = -0.03 p = 0.85 r = -0.12 p = 0.52 r = -0.1 p = 0.59 HV ΔCO2 r = 0.15 p = 0.33 r = 0.13 p = 0.41 r = -0.03 p = 0.86 r = -0.08 p = 0.61 r = -0.21 p = 0.25 r = 0.12 p = 0.50 NBV -normalized brain volume; GMV -grey matter volume; WMV -white matter volume; TLV -total lesion volume; PBVC -percent brain volume change; ∆TLV -change in total lesion volume; EDSS -Extended Disability Status Scale; BHI -breath-hold indices; HV ΔCO2 , CO 2 -normalized hyperventilation indices. All brain volumes were measured in milliliters.
Our findings are in line with those in most previous studies, which have reported normal CVR in patients with MS. In the study by Uzuner et al. (n = 12), CVR measured with TCD did not differ between patients with RRMS and controls. In contrast to our study, those investigators did not find any significant effect of glucocorticoids on CVR. 16 In another TCD-based study, Khorvash et al. reported that CVR was higher in RRMS than in patients with migraines. However, that study did not include healthy controls. 15 Similar to our findings, Metzgen et al., who measured CVR with blood oxygen level-dependent (BOLD) functional MRI (fMRI) after CO 2 inhalation, observed normal CVR in MS and did not find CVR to correlate with brain volume and WM lesion volume. 17 Those investigators showed that CVR was reduced in patients with MS and cognitive impairment, but this relationship is found in other diseases as well. 22 To date, based on arterial spin labeling (ASL) fMRI, only 1 group has reported reduced CVR in MS. Moreover, that group found that CVR correlated negatively with WM lesion volume and GM atrophy. 18 ASL-based fMRI may be the best method to study CVR impairment in MS; however, CVR measurements based on ASL and BOLD fMRI usually lead to similar conclusions. 23, 24 Moreover, in Alzheimer's disease, reduced CVR has been demonstrated with many techniques, including BOLD, ASL and TCD. 25 Marshall et al. hypothesized that CVR might be reduced in MS due to habituation of cerebral vasculature to chronically increased nitric oxide concentrations. 18 However, nitric oxide seems essential for hypercapnia-induced cerebral vasodilation, 26 and consequently for CVR, and we were not able to find any previous evidence that nitric oxide, when chronically increased, like in MS, 27 has an opposing effect. 28, 29 In contrast, scavenging of nitric oxide by reactive oxygen species (ROS) reduces vasodilation, which could occur in MS. 30, 31 Different effects of inflammation, such as increased oxidative stress, might reduce CVR. For example, in patients with diabetes, higher concentrations of inflammatory markers were associated with reduced CVR. 32 In our study, CVR was similar in patients with clinical remission and a relapse of MS, and Gd(+) lesions were not associated with reduced CVR. However, we did not measure inflammatory markers in our study. We observed that treatment with glucocorticoids, which have anti-inflammatory effects, not only did not improve CVR, but significantly reduced it. Similarly, in patients with diabetes, reduced CVR was associated with increased concentrations of endogenous cortisol. 32 We suspect that the glucocorticoidinduced reduction of CVR might be due to a direct effect of glucocorticoids on cerebral vessels. For instance, glucocorticoids decrease endothelial synthesis of nitric oxide, and they increase the sensitivity of vascular smooth muscle cells to endogenous vasoconstrictions, such as norepinephrine. 33 However, we measured CVR twice in patients with a relapse only and not in those in remission or in controls. Therefore, the effect of glucocorticoids on CVR that we observed might be due to physiological variability or becoming familiar with the procedure by participants.
Because CVR is a measure of cerebral metabolic reserve, we suspected that reduced CVR would be related to greater brain atrophy and greater accumulation of WM lesions, particularly because most WM lesions in MS occur in areas with reduced blood flow and reduced CVR. [4] [5] [6] 13 However, in our study, CVR was not related to brain volume reduction and the change in WM lesion volume.
Our study had limitations. First, it included a relatively small group of patients. However, with over 70 patients with RRMS, our study is the largest study on CVR in MS to date. Additionally, the included number of patients allowed us to observe the well-established relationships in MS, such as the correlation between EDSS, disease duration, and brain volume. Because we did not include patients with progressive MS, our findings may not hold true for these patients. Second, we included patients with MS in remission who received interferon beta only. Although the effect of interferon beta on CVR is unknown, a study among 5 patients with MS showed that interferon beta increased blood flow in the basal ganglia. 34 Moreover, interferon beta, similar to other diseasemodifying treatment, slows the rate of brain atrophy and lesion accumulation in MS. 35 Thus, the potential relationship between CVR and brain atrophy along with lesion accumulation might be abolished by treatment with interferon beta. Third, some investigators regard breath-holding a less reliable hypercapnic stimulus than CO 2 inhalation. 36 Others, however, have found these 2 stimuli equivalent for estimating CVR. 37 Moreover, fMRI might be better than TCD for measuring CVR, but there is a good agreement between these 2 approaches. 38 In addition to breath-holding, we used voluntary hyperventilation to measure CO 2 -normalized CVR. The relationships between CVR and other variables in our study were consistent when assessed with the 2 CVR indices (BHI, HV ΔCO2 ). Apart from the use of 2 vasoactive stimuli to measure CVR, the strengths of our study include enrolment of patients in remission and a relapse of MS, measurement of CVR before and after glucocorticoid treatment, and longitudinal MRI analyses. We also measured CVR in all participants at the same time of the day, because CVR may decrease by over a third from morning to evening. 29 We conclude that CVR is normal and is not related to disease activity in patients with RRMS. Moreover, CVR seems unrelated to the accumulation of WM lesions and brain atrophy in these patients. It would be worthwhile to verify our findings with fMRI-based CVR measurements, preferably in larger studies that would enroll patients with progressive MS.
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